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INTRODUCTION 15
For organisms with complex life cycles, ecological consequences of climate change may be 16 driven by responses to warming that vary across ontogeny (Kingsolver et al. 2011; Radchuk et 17 al. 2013 ). With rapid warming, a major goal for ecologists is to determine thermally-sensitive 18 processes that underlie shifts in range dynamics (Pacifici et al. 2015; Urban et al. 2016) . Recent in the laboratory. So, assuming females maintained similar field body temperatures (Tb), 11 embryos experienced the same temperatures in utero. Therefore, embryos were exposed to 12 maternal Tb during the earliest stages of embryogenesis and to experimental temperatures during 13 mid-to-late-development. 14
15
Embryonic survival & hatchling growth 16 We monitored survival daily by checking for heartrates using an infrared sensor (Buddy Egg 17
Monitor; Avitronics, Cornwall, UK). If no heartrate was detected for three consecutive days, we 18 marked the embryo as deceased on the first day. We measured hatchling mass to 0.1mg and 19 snout-vent length (SVL) to 0.1mm. We then calculated scaled mass indices (SMI) from standard 20 regressions of mass-to-SVL as outlined in Peig & Green (2009; 2010) to estimate hatchling body 21
conditions. We chose SMI as a less biased measure than other indices (e.g., Fulton's index: 22 mass*length -3 ) that do not account for changing allometry across growth stages (see Appendix 1 S1 for details). 2
To examine downstream effects of warming treatments, we calculated juvenile growth 3 rates. We repeated body size measurements for the first three weeks post-hatching. Then, we 4 used the approach described by Dunham (1978) 
Field Methods 11

Tracking & collection 12
In May and June 2015, we tracked gravid females using radio telemetry to locate nests. We 13 attached radio transmitters (Model BD-2X; Holohil Systems Ltd., Carp, Ontario, Canada) 14 weighing <5% of a female's body mass to the dorsum with surgical adhesive. We located 8 nests 15 (82 eggs, clutch size 10.2±0.36, range 9-12) and assigned clutches laid within five days of each 16 other to nesting groups, within which we reciprocally transplanted eggs to control for maternal 17 effects. We carefully excavated eggs and placed them in individual containers as in the 18 laboratory methods for transport to Clemson University. We incubated eggs at 15°C for up to 19 five days to allow collection of multiple clutches. This method suspends development without 20 affecting growth and survival after development resumes (Christian et al. 1986; Andrews et al. 21 1997) . We then reconstructed nests to contain a random sample including at least one egg from 22 each clutch in the nesting group and totaling the original clutch size laid in that nest. iButton 23 loggers (DS1922L; Maxim Integrated, San Jose, California, USA) recorded hourly temperatures 1 at mean nest depth. 2 3
Treatment design 4
We randomly assigned half the nests to a warming treatment, for which a 0.09m 2 section of black 5 thermoplastic (TerraTexSF-D; Hanes Geo, Winston-Salem, North Carolina, USA) was stapled 6 against the soil surface to decrease solar reflectance. There were 44 embryos among the natural 7 nests and 38 among warmed. The material consisted of woven 2.0mm-wide-by-0.15mm-thick 8 polypropylene filaments, forming a porous surface that increased daytime nest temperatures 9 without retaining excess heat overnight and allowed for water and gas exchange. To ensure this 10 method did not influence soil moisture or oxygen availability, we performed a validation 11 experiment in which we measured soil temperatures, moisture, and oxygen in a grid of mock 12 nests randomly assigned to the warmed or natural treatment (see Appendix S1 and Table S1 for 13 details). 14
15
Embryonic survival & hatchling size 16
We monitored nests daily for emerging hatchlings. Steel wire cages with 3.0mm spacing placed 17 over nests enabled collection. We calculated survival by counting hatchlings and confirmed 18 results through excavation to count nonviable eggs and empty shells. We measured hatchling 19 mass and SVL and calculated SMI as described above. 20 21
Data Analysis 22
We conducted statistical analyses in R v3.3.1 (R Core Team 2016). To test effects of laboratory 1 warming treatments on embryonic survival, we used a Cox proportional hazard model from the 2 survival library (Therneau 2014), which included an estimator of variance attributable to 3 maternal identity to control for correlation of responses among siblings. To test effects of 4 laboratory treatments on development time, hatchling sizes, SMI, and r, we constructed linear 5 mixed effects (LME) models using the lme function (Pinheiro et al. 2016 ) with treatment as a 6
categorical variable and maternal identity as a random effect. We added hatchling SVL as a 7 continuous variable for r and initial egg mass as a continuous variable for development time and 8 hatchling sizes. For the field data, we constructed LME models with treatment as a categorical 9 variable and with assigned nest and nesting group as random effects for Tmax, Tmin, embryonic 10 survival, development time, hatchling body sizes, and SMI. We could not include maternal 11 identity in analyses of field data due to the reciprocal transplants. For each parameter in an LME where SStreatment = sum of squares, dftreatment = degrees of freedom, MSerror = mean square error, 16
and SStotal = total sum of squares. 17
18
Life-Cycle Model of Population Dynamics 19
Modeling embryonic and juvenile survival 20
We developed a SDM to explore how inclusion of our results affects projections of embryonic 21 survival and population growth in North America. Our model was based on a population and future (2080-2100, assuming radiative forcing of +8.5W/m at year 2100). See 8 Table S2 and Appendix S1 for parameter values and additional details. We assumed that lizards 9 are active when Tb falls within the preferred range (central 80% of field body temperatures; 10 Table S2 ) and that reproductive season begins after temperatures enable 30 days of activity 11 based on experiments in which we controlled hydric conditions across treatments to isolate the 20 impacts of incubation temperatures. See Appendix S1 for further details. To test how exposure of embryos to recurrent sublethal warming may alter projections 11 through effects on later life stages, we ran the model with different hatchlings sizes and juvenile 12 growth rates to calculate time to maturity. Assumptions built into the model-juvenile 13 survivorship, juvenile growth, and size at maturity do not vary across geography, and all lizards 14 mature by the next reproductive cycle-prevent incorporation of predicted time to maturity into 15 projections. So, we estimated changes in intrinsic growth rates due to delayed maturity using life 16 tables for northern (New Jersey (NJ)) and southern (SC) populations. See Appendix S1 for 17 details. 18
19
RESULTS 20
Laboratory & Field Experiments 21
The field warming treatment increased Tmax among warmed nests by 4.21±0.26°C compared to 22 natural nests and did not alter Tmin across treatments ( Fig. 1b , Table 1 ). We used degree-day 23 calculations (Zalom et al. 1983 ) to compare the magnitudes of warming experienced by embryos 1 due to changes in means and variances between treatments in both experiments (see Appendix 2 S1 for details). Embryos under laboratory warming treatments accrued averages of 257.87 and 3 336.65 degree-days above the Tmax of the contemporary treatment. In the field, embryos under 4 the warming treatment accrued an average of 309.99 degree-days above the mean Tmax of natural 5 nests. Although absolute temperatures differed between experiments, the field warming 6 treatment induced a magnitude of warming similar to that applied in the laboratory. 7
Recurrent sublethal warming increased embryonic mortality in both experiments. In the 8 laboratory, embryonic survival decreased with increased warming (Fig. 1c ). The proportional 9
hazard model estimated 82.1% survival for the contemporary treatment versus 78.8% for +3.5°C 7.1±4.9% among warmed nests ( Fig. 1d , Table 1 ). Lower survivorship in the field than in the 17 laboratory was likely due to differences in hydric conditions. We maintained consistent hydric 18 conditions in the laboratory, whereas embryos in the field experience natural variations in soil 19 moisture that can impact survival (Tracy 1980; Packard et al. 1982) . 20
Sublethal warming also led to shorter incubation times and smaller hatchling sizes in both 21 experiments, lower body conditions of hatchlings in the field, and slower post-hatching growth 22
in the laboratory. In the laboratory, hatchlings emerged 12.9% earlier from the +3.5°C treatment 23 (n=26, -8.93±0.37 days) and 15.4% earlier from +7.0°C (n=18, -10.72±0.63 days) compared to 1 the contemporary treatment (n=23, 69.39±0.69 days; Fig. 1e , Table 1 ). In the field, hatchlings 2 from warmed nests emerged 17.6% earlier (n=3, -13.30±1.20 days) than from natural nests 3 (n=11, 75.64±1.90 days; Fig. 1f , Table 1 ). Lizards from laboratory warming treatments hatched 4 at shorter SVL (contemporary: n=17, 24.91±0.22mm; +3.5°C: n=19, 24.40±0.19mm; +7.0°C: 5 n=13, 23.80±0.27mm; Fig. 2a , Table 1 ), though hatchling mass and SMI did not differ 6 (contemporary: n=17, 0.48±0.01g, 0.486±0.025 SMI; +3.5°C: n=19, 0.49±0.01g, 0.485±0.023 7 SMI; +7.0°C: n=13, 0.47±0.02g, 0.473±0.028 SMI; Fig. 2c , Table 1 ). In the field, hatchlings 8 emerged from warmed nests at shorter SVL and lighter mass (natural: n=11, 25.60±0.10mm, 9 0.53±0.01g; warmed: n=3, 24.83±0.16mm, 0.45±0.01g; Fig. 2b,d , Table 1 ), which led to lower 10 SMI (natural: 0.534±0.019, warmed: 0.447±0.046; Table 1 ). The growth model predicted 6.4% 11 lower r from the +3.5°C treatment (n=8, 7.51+0.19µm/day) and 10.5% lower from +7.0°C (n=4, 12 7.18±0.14µm/day) compared to contemporary (n=6, 8.02±0.22µm/day; Fig. 2e , Table 1 ). 13 14
Model of Population Dynamics 15
Our SDM (herein "sublethal model") predicts more severe consequences of climate warming 16 than those of a model based solely on lethal limits of embryonic thermotolerances (herein "lethal 17 model"). The sublethal model accounts for the fact that nesting conditions avoiding lethal 18 extremes still experience recurrent thermal stressors ( Fig. 3; Fig. S1 -S14). By accounting for 19 moderate warming, we demonstrate that even small changes in temperature can lead to increased 20 risk of extirpation under contemporary and future climates. model predicts lower survival across 82.6% of the species range by -2.2% on average and by as 2 much as -12.0% in locales that experience lower temperature variance, including portions of the 3 southeast, the central plains, and the southwest (Fig. 4c) . The magnitude and distribution of 4 differences in predicted survival varies with nest depth, shade, and timing of oviposition ( Fig.  5 4a-i, Fig. 5, Fig. S15-S42 ). For instance, incorporating the effects of sublethal warming alters 6 survival across 96.8% of the range by -7.8% on average and by as much as -23.8% for nests laid 7
in July at 12cm depth and 50% shade ( Fig. 4i ). Reduced embryonic survival then leads to 8 decreased projected population growth. 9
Recurrent sublethal warming during incubation leads to decreased projected population 10 growth. Both models show positive population growth across 96.0% of the species range under 11 contemporary nesting conditions. Yet, when accounting for sublethal warming, the majority 12 (84.7%) of those areas with positive growth experience increased risk of extirpation due to 13 reduced population growth rates. Both models also agree on the geographic area of decreases in 14 population growth under future warming (e.g., 51.4% and 50.5% of the range from the lethal and 15 sublethal models respectively for typical nesting conditions). However, the magnitudes of 16 reduced growth differ between the models. By overestimating embryonic survival, the lethal 17 model underestimates negative impacts on population growth across 92.7% of the species range 18 by 3.2% on average and by as much as 12.2% in locales that experience lower temperature 19 variance ( Fig. 4) . Differences in population growth projections vary with nest depth, shade, 20 timing, and geography similarly to embryonic survival (Fig 4j-r, Fig. S43-S46 ). 21
Sensitivity analyses examined how changes in hatchling sizes and juvenile growth rates 22
affected projections of population growth via changes time to maturity. The growth model 23 indicated increased age at maturity by 32.4±7.6 days across the species range when incorporating 1 slowed juvenile growth (Fig. S48) . In SC, a predicted 26-day delay in maturity could reduce 2 population growth rates up to an additional 39.7% over the 24.4% predicted by the sublethal 3 model. In NJ, population growth rates could decrease by an additional 80.1% due to a 29-day 4 delay in maturity, which would lead to population decline and likely extirpation. These results 5 demonstrate potentially severe impacts of sublethal warming during incubation on population 6 dynamics via downstream effects through ontogeny. 7
After comparing projections, we evaluated how well predictions match the contemporary 8 species distribution. Both models predict the contemporary extent of the species range equally 9 well if we treat positive embryonic survival and population growth as the only criteria. We also Our SDM indicates that moderate warming during incubation can lead to reduced 19
population growth compared to model predictions that do not incorporate sublethal fluctuations. 20
Interestingly, the differences in laboratory survivorship that altered model predictions stemmed 21 primarily from mortality in the first weeks post-oviposition. Running the survival analysis for the 22 first 25% of the incubation period showed lower survival probability under the +7.0°C treatment 23 before any mortality events in the other treatments. Levy et al. (2015) suggested similar levels of 1 warming had no effect on S. undulatus embryo survival, but they did not begin treatments until 2 halfway through incubation. Our results suggest increased sensitivity to thermal stress in the 3 earliest stages post-oviposition, during which incidences of developmental abnormalities 4 increase as incubation temperatures near the lethal limits for reptiles and other ectotherms 5 For panels c and e, letters denote statistical relationships such that data with different letters are 10 significantly different (p<0.05). In panel f, overlapping points are offset. See Table 1 for 11 summary statistics. there was no significant difference in hatchling mass among (c) laboratory treatments. (e) In the 17 laboratory, characteristic growth rates derived from von Bertalanffy growth models decreased 18 with increased warming. For panels a, c, and e, letters denote statistical relationships such that 19
data with different letters are significantly different (p<0.05). See Table 1 for summary statistics. Table 1 . Summary statistics for analyses of laboratory and field data using mixed effects 2 ANOVA. Laboratory data include (a) time to hatching, hatchlings sizes in (b) SVL and (c) mass, 3 (d) hatchling body conditions, and (e) characteristic growth rate derived from the Von 4
Bertalanffy growth models. Laboratory analyses were performed using maternal identity as a 5 random effect. Field data include (f) maximum and (g) minimum daily nest temperatures, (h) 6 embryonic survival, (i) time to hatching, hatchling sizes in (j) SVL and (k) mass, and (l) 7 hatchling body conditions. Analyses of field data included assigned nest and nesting group as a 8 random effect. Bolded values indicate statistical significance. 9 
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